We consider the possibility of detecting and tracking the hypothesized Planet 9 or other unknown planetary-mass distant solar system members, generically called Planet X, with a combination of CMB and optical imaging surveys. Planets are detectable via thermal emission in CMB surveys and via reflected sunlight in optical surveys. Since the flux from reflected light falls off faster with distance, the signal-to-noise of planetary observations with optical surveys falls off faster than for CMB surveys. A promising approach to detecting new solar system planets with future surveys such as the Simons Observatory, CMB-S4 and LSST, is for a detection in CMB data followed by tracking in the synoptic imaging survey. Even if the parallax were not detected in CMB data, point sources consistent with thermal spectra could be followed up by LSST. In addition to expanding the Planet X discovery space, the joint datasets would improve constraints on key orbital and thermal properties of outer solar system bodies. This approach would work for a Neptune-like planet up to distances of a few thousand AU, and for an Earth-like planet up to several hundred AU. We discuss the prospects for the next decade as well as nearer-term surveys.
INTRODUCTION
The existence of one or more undetected Earth or Neptune-sized planets in our solar system with large perihelion distance has been suggested in recent years by several authors. Trujillo & Sheppard (2014) , , and Malhotra et al. (2016) have made the case for a Planet 9 with mass of order 10 Earth masses and distance of order 700 AU. constrain the mass of such a planet to 5 to 20 Earth masses, and its semi-major axis to between 380 and 980 AU. Volk & Malhotra (2017) make the case for an additional planetary object with mass 0.1 to 2.4 Earth masses and a distance of 60 to 100 AU. In general, the presence of additional planets beyond 1000 AU is poorly constrained. We will refer to any undetected planet in the solar system generically as Planet X.
Searches in the optical for detecting Planet 9 via reflected sunlight are underway with wide-field instruments such as the Subaru Hyper Suprime-Cam, Pan-STARRS and the Dark Energy Survey with the Blanco telescope (e.g. Sheppard et al. 2018; Weryk et al. 2016; Bernardinelli et al. 2019 , S. More, private communication). Cowan et al. (2016) (henceforth CHK) note that ebax@sas.upenn.edu for reasonable assumptions, the expected temperature of Planet 9 is in the range 28-53 Kelvin, so the peak thermal emission is at submillimeter wavelengths and natural datasets to pursue this signal are surveys designed to map the Cosmic Microwave Background (CMB) at millimeter wavelengths. They also note that at an approximate distance of 700 AU, the parallax motion of Planet 9 would be a few arcseconds per day (or about 10 arcminutes per six months), which would dominate over its proper motion. So a CMB survey with roughly arcminute resolution that repeats coverage of the same part of sky every few months could potentially detect Planet 9 as a moving source. The sensitivity and angular resolution requirements are discussed in detail by CHK, who note that such a planet would be at the edge of detectability by Planck.
We compare the signal-to-noise of Planet X measurements in optical vs CMB surveys and consider the possibility that such a planet could be detected in CMB data (via its thermal emission) and tracked in optical surveys (via its reflected light), or other useful combinations of the two types of surveys. The surveys have differences in several key characteristics: sensitivity, resolution, cadence, and confusion with other sources.
Beyond ongoing galaxy surveys, for the 2020's we focus on the Large Synoptic Survey Telescope (LSST), while noting the potential strengths of the space-based surveys with Euclid, SPHEREx and WFIRST. For the CMB, the South Pole Telescope (SPT) and Atacama Cosmology Telescope (ACT) projects have ongoing surveys. In the 2020's, the planned Simons Observatory (SO) and CMB-S4 telescopes will carry out wide area surveys with greater sensitivity. As we discuss below, the key issue for Planet X detection, beyond the known sensitivity and resolution of the surveys, is their cadence.
The paper is organized as follows: in §2 we describe the expected properties of Planet X and related bodies; in §3 we describe ongoing and planned surveys; in §4 we describe strategies for detecting and tracking Planet X.
MODELING
The temperature of planets is set by equilibrium between absorption of solar and interstellar light, internal heat from sources such as radioactive decays and primordial heat, and thermal emission from the objects. The material properties and sizes of planets determine how efficiently they absorb and emit radiation, and therefore their equilibrium temperatures. The brightness in reflected sunlight depends on the albedo of the planets.
Assuming a temperature of T bg = 3.5 K for the background temperature of interstellar light and the CMB, we have
where A is the Bond albedo, r is the star-planet distance, R is the planetary radius, and σ is the Stefan-Boltzmann constant. The Bond albedo of both Earth and Neptune is approximately 0.3, and we will adopt that value here. We have assumed that the emissivity of the planet is = 1, independent of wavelength. For Earth, the internal power is well constrained to be P int = 47 × 10 12 W. For Planet 9, we follow CHK, and assume an internal power ranging from 3 × 10 14 W to 3 × 10 15 W, since this is roughly the range spanned by Uranus and Neptune. Given the estimated mass of Planet 9 (i.e. greater than 10M ⊕ , , statistical analyses of large populations of exoplanets indicate that we should expect Planet 9 to have a density, and possibly composition, similar to that of the known gas giant planets (Weiss & Marcy 2014) . Our baseline assumption is that its properties are similar to Neptune.
As shown in Figure 1 , beyond about r 200 AU, the temperature of an Earth or Neptune-like planet is dominated by internal heat sources, and is therefore roughly constant with distance from the sun. We will assume this limit in the analysis below. Consequently, for an Earth placed in the outer solar system, we adopt a temperature of 35 K. For Planet 9, plausible temperatures are in the range of 28 to 53 K; we will adopt 50 K as our fiducial value. Note that the contribution to the planet's temperature from interstellar light and the cosmic background radiation are negligible below about 10 4 AU in comparison to the sun.
Detecting reflected sunlight from objects in the outer solar system is challenging since the strength of the signal drops off as r −4 . The apparent brightness of a planet depends on the radius of the planet, as well as the optical properties of its surface. Neglecting the distance between the sun and Earth, the observed flux from the planet at wavelength λ, F λ , is
where L λ and a λ are the solar luminosity and the geometric albedo of the planet, respectively, at the wavelength of interest. In our solar system, the geometric albedo across the optical and infrared range widely, over at least a factor of five. Given that we expect Planet X or another large outer solar system body to have a gaseous, low-density composition, a geometric albedo similar to that of Neptune or Uranus is a reasonable assumption (a λ ≈ 0.4). While some exoplanets have been found to have exceptionally low albedos (e.g. Rowe et al. 2008) , these are hot Jupiter planets where the atmospheric chemistry would be very different from that of Planet X.
PLANET X DETECTION CAPABILITIES OF CURRENT AND PLANNED SURVEYS
We summarize the properties of various current and future optical and CMB surveys in Table 1 . The Planck satellite mapped the CMB in nine frequency channels and has released its completed survey data. Its highest frequency channel is centered at 857 GHz. The wavelength corresponding to 857 GHz, 0.35 mm, is close to the peak of thermal emission at a temperature of ∼ 10K. Ground-based CMB surveys have a smaller frequency coverage and a maximum frequency typically well below that of Planck, so these surveys typically cover the Rayleigh-Jeans part of the thermal spectrum for objects with temperature above 20K. Since CMB surveys are usually optimized for frequencies near 150 GHz, and ongoing surveys have much better sensitivity than Planck, we will concentrate on those frequencies here (though the signal from a ∼ 30 K blackbody peaks at frequencies Table 1 . Summary of current and upcoming CMB and optical imaging surveys considered in this analysis. Note that the sensitivity for optical surveys is for a single exposures. For LSST the sensitivity of the full survey co-adds (r = 27.5) is significantly better; see also discussion of the sky coverage in Trilling et al. (2018) . For the CMB surveys, we have reported the sensitivities and beam sizes at 150 GHz. of 1800 GHz, the noise also increases with frequency). Figure 2 summarizes the frequency coverage of several current and future surveys relative to both the thermal emission and reflected light (i.e. T = 5800 K) from a Planet X. Among ongoing CMB experiments, SPT (Carlstrom et al. 2011 ) and ACT (Swetz et al. 2011 ) offer higher resolution and deeper maps than Planck over thousands of square degrees of the sky. Both experiments have completed multiple wide area CMB surveys (Story et al. 2013; Sievers et al. 2013) . Upgraded versions of the original SPT and ACT receivers -SPT-3G (Benson et al. 2014) and Advanced ACTPol (Henderson et al. 2016 ) -are currently performing deeper surveys. The planned Simons Observatory (Galitzki et al. 2018) will be on the sky in the early 2020's (a similar timeframe as LSST) and its survey will improve on ongoing surveys in sensitivity and sky coverage. It will serve as a precursor to the planned CMB-S4 experiment, scheduled for the mid-2020's (Abazajian et al. 2016) . Several other telescopes are being planned (see e.g. Stevens et al. 2018 ); we do not discuss these further but note that CCATprime may be promising for Planet X studies depending on its planned survey (Stacey et al. 2018) . The northern sky is sparsely covered by the CMB experiments, which are mostly based in Chile or at the South Pole, leaving a significant gap in the reach of CMB surveys. However, LSST is also based in Chile, so the survey footprints have good overlap. Ongoing optical surveys include DES, which upon its imminent completion will have imaged each part of its 5,000 deg 2 footprint 10 times in each of five bands, with these exposures spread over the six years of survey operations (Flaugher 2005) . The LSST survey will cover The signal in thermal emission (red) and reflected light (blue) from a hypothetical Neptune-like planet as a function of distance from the sun. Also plotted are 5σ noise point source detection limits for several current and upcoming galaxy and CMB surveys.
the Southern sky (LSST Dark Energy Science Collaboration 2012) from Cerro Pachon in Chile. It will take two 15 second exposures per night (called a single visit), and return to each field every few days. Over ten years, each field will have about 100 exposures in each of six filters. Trilling et al. (2018) consider a 45 day period per observing season for a given field, and require five visits for a useful orbital arc to be measured. We do not consider in any detail the surveys planned for the space-based telescopes Euclid and WFIRST, but note that they are complementary to LSST. Their infrared coverage expands the wavelength range available, and the superior resolution from space can help with source identification. WFIRST also has excellent astrometric capabilities, which offers another route to planet detection via its lensing of background stars as explored in a recent study by Van Tilburg et al. (2018) , who also discuss the prospects with Gaia and the proposed Theia mission. Figure 3 shows the signal from Planet X with optical and CMB surveys as a function of distance from the sun. The 5σ noise levels for several surveys are also shown. A comparison of the signal-to-noise from optical and CMB surveys is shown in Figure 4 and discussed in the next section.
Whether a planet can be distinguished from other point sources depends on the ability to measure its motion with either CMB or optical data. The parallax motion of a planet at distance d from the sun is roughly θ = 10 arcmin 6 months
For a CMB survey with beam size of roughly 1.5 arcminutes, the parallax motion of a planet much beyond 4700 AU will be less than a beam size. For a beam with standard deviation σ beam , the centroid of the beam can typically be localized to roughly σ beam /SNR, where SNR is the signal-to-noise of the detection. Assuming a 5σ detection, parallaxes as small as 0.2 arcmin could be resolved by current and future CMB surveys. However, several factors may limit the ability of CMB surveys to reach this level of precision. First, the survey scanning strategy of CMB surveys may mean that the time period over which a given patch of the sky is observed is significantly less than 6 months. Second, if the number of detected sources is large, reducing the false positive rate of parallax detection to an acceptable value will require centroid separation at several times the centroiding error. Finally, if difference maps formed from first-half and second-half season maps are used to identify moving sources, the effective survey depth will be reduced by √ 2. For these reasons, we will assume below that the parallax motion must be roughly σ beam in order to be robustly detected in the CMB survey.
If a moving point source is directly detected in CMB data (e.g. via difference imaging), CHK argue that the amplitude of its parallax will uniquely identify the source as a promising Planet X candidate. Once identified, the candidate can be followed up with targeted observations. If the CMB data has localized a source to 1 arcminute, then a deep observation over this field with an 8m-class telescope could reach LSST full-survey depth in a single night. The motion will be slow enough to easily stack exposures for a full night. A repeat observation some nights later will detect the slow-moving source in the field, using image subtraction if necessary. Over a longer time period, the much better resolution of optical data can be used to model the orbital motion in addition to the parallax. In this case, the main role of a wide-field optical survey may be in providing past data to readily determine the orbit, if the survey has been in progress prior to the detection.
Similarly, searches for Planet X may be relatively straightforward for optical surveys if the target is bright enough to be detected in a single visit. Planet X's motion would be small enough to be negligible within a single visit, so it would resemble a point source in single-visit catalogs. The parallax motion at opposition exceeds 1 day −1 at d < 3500 AU, and thus Planet X should be readily recognized as a slowly moving source in the collection of single-epoch catalogs. Such searches are underway with Subaru, Pan-STARRS and DES data, and we can expect that they will be executed for LSST and other optical wide-area surveys. Trilling et al. (2018) find that a Neptune-sized planet in the LSST footprint would have parallax measurements out to 1000 AU, based on source detection in single visits.
With an optical identification in hand, mm-wave follow-up can be done with pointed observations from large-aperture telescopes such as ALMA, and the widefield capabilities of CMB surveys do not necessarily yield an advantage.
PROSPECTS WITH THE COMBINATION OF CMB AND OPTICAL SURVEYS
In this section we discuss how the use of both optical and CMB surveys enlarges the discovery space for Planet X and enables better measurement of its orbital motion and physical properties. Figure 4 shows the signal-to-noise of these measurements: it highlights the rapid decline with distance (r −4 ) of detection prospects with optical surveys. In terms of the absolute signal-to-noise, the right-hand panels suggest that an Earth-like Planet X that is detectable to CMB surveys would also be bright and close enough to be discovered in single-epoch catalogs for contemporary optical surveys. For a larger Planet X, however, the left-hand panels show that a Neptune-sized planet at distance below 1000 AU is accessible to both types of surveys, but the CMB surveys will significantly extend the discovery distance of Planet X beyond the range of single-epoch optical detection.
Synergy between CMB and optical surveys
As pointed out above, if Planet X can be robustly detected in either a CMB or optical survey alone, it will likely be followed up with targeted observations. However, there are regimes where the detection and or characterization of Planet X or other outer solar system objects is greatly helped by a combination of wide-field CMB and optical data. We summarize the process of identifying Planet X candidates in both datasets in Figures 5 and 6. Of particular interest is the case where the parallax of Planet X is too small to be measured by the CMB survey. The precise distance range at which the parallax becomes unresolvable depends on (a) the resolution of the experiment, (b) the baseline of observation time, (c) the signal-to-noise of the detection. Higher resolution, longer baseline, and higher signal-to-noise detections would all increase the distance at which a parallax could be resolved. Very roughly, the threshold of detectable parallax occurs at d 7000 AU for a one arcminute beam or d 4700 AU for the beam of the planned SO telescope and others with a ∼ 6m primary dish. These number can vary significantly (factors of two) depending on the search strategy.
In the case that the parallax is not resolvable by the CMB experiment, a planet would appear as an elongated point source, or just as a point source. Given a catalog of CMB-detected point sources, one could first use multiband information to reject candidates whose spectra are not consistent with thermal emission.
The remaining catalog of sources would be dominated by dusty galaxies, but could include planetary sources with unresolvable parallax. These sources could be used to perform a digital tracking search: assume the individual exposures lie along all potential apparent motion vectors for Planet X (essentially the trajectory due to parallax for distant candidates), and perform an aligned stack for each such trajectory. For a given position on the sky, varying the distance to the source generates a family of possible trajectories. This allows one to improve the detection limit corresponding to the total survey integration time, i.e. the "coadd depth" of the survey. The technique has long been applied to TNO searches in smaller optical datasets (Tyson et al. 1992; Allen et al. 2001) . A digital tracking search of the optical survey data would, according to Figure 4 , have a good chance of recovering a true Planet X, at the same time determining its orbital properties. This is the "sweet spot" for combined use of wide-field CMB and optical survey data.
The phase space to be searched would be strongly constrained by the CMB data, including its non-detection of parallax. If, however, the density of CMB-detected point sources is very high, then the computational burden of digital tracking the CMB sources will become high, eventually approaching the cost of a blind digital tracking search of the full optical survey. For current sensitivities, the density of extragalactic point sources is roughly 10 −4 arcmin −2 . Assuming point sources can be localized to below a tenth of a beam size, this density corresponds to a filling factor on the sky of about 10 −6 . Therefore, for current CMB surveys, source lists cut the digital tracking load substantially. However, for more sensitive CMB missions, the density of extragalactic sources is expected to increase dramatically. For a point source detection threshold of 0.3 mJy (i.e. CMB-S4), a reasonable point source density at 220 GHz is 1 arcmin −2 (Lima et al. 2010 ), corresponding to a filling factor of f = 0.01. Note, however, that the number of extragalactic sources can be reduced dramatically by going to lower frequencies. Since the extragalactic sources Figure 4 . The signal-to-noise ratio of planetary detections for galaxy (blue) and CMB surveys (orange) is plotted as a function of the planet's distance from the Sun. The left panels are for a Neptune-like planet and the right panels for an Earth-like planet. The upper panels show two overlapping completed surveys (DES and the SPT-SZ survey), while the lower panels show surveys that will operate in the 2020's: Simons Observatory (SO), CMB-S4 (S4) and LSST. The bands for the optical surveys represent the two extremes of using single epoch data or full-survey coadds for detection. The band for SO/S4 indicates the signal-to-noise range for these two surveys.
are dominated by dust emission, the wavelength dependence of the dust emissivity means that the brightness of these sources changes faster than the ν 2 expected for a planet in the Rayleigh Jeans regime. Consequently, lower frequency observations can help reduce potential problems with confusion of sources. Using the 150 GHz band rather than 220 GHz, for instance, is expected to result in a factor of ∼ 100 reduction in the source density (Lima et al. 2010) , while reducing the signal by a factor of ∼ 2.
Another potential regime of interest is the case where the number of sources with parallax measured in the CMB survey is too large to be followed up individually in the optical survey. While this is unlikely to be the case for planet-sized candidates, CMB surveys may detect many new asteroids and Kuiper belt objects. If these objects have low albedo, then they may be undetectable in the optical survey. In this case, a digital tracking search with the wide-field optical survey would again be fruitful.
Thermal properties of detected objects
Beyond detection, the combination of optical and CMB surveys also offers the prospect of constraining the properties of outer solar system objects. If the temperature of an object is sufficiently low that the CMB survey observations are not restricted to the RayleighJeans regime, multi-band observations with the CMB survey can be used to constrain its temperature. Once an object is located, ALMA may be the best source of flux measurements in the mm range.
Assuming the parallax motion of the object is also measured (whether with an optical or a CMB survey), the distance to the object can be constrained. Given the distance and temperature measurements, the radius of the object as a function of the emissivity can be inferred from the CMB flux measurements via R( ) = (4r 2 F CMB /(σ πT 4 )) 1/2 where is the emissivity. The radius and optical flux can then be used to infer the albedo via a(
, where L λ is the luminosity of the sun in the waveband of interest. Consequently, the CMB and optical measurements together enable constraints in the albedo-emissivity plane. Note that measuring a temperature for the detected objects requires that the CMB observations are not entirely in the Rayleigh-Jeans limit; for higher temperatures other instruments will be needed to determine the temperature.
Asteroids
A search for moving objects will image a large number of asteroids, some at extremely high signal-to-noise. The same calculation that was done for planet fluxes can be applied for asteroids, where the internal heat is presumably negligible and the second term in Equation  1 dominates. An asteroid at a distance of 1 AU from Earth and a diameter of 4 km will have an approximate flux at 150 GHz of 0.1 mJy. This same object, assuming an albedo of 0.15, would have an absolute magnitude H ∼ 15, hundreds of times brighter than objects detectable with modern surveys such as the Catalina Sky Survey or Pan-Starrs. Therefore, the typical measurable asteroids for a CMB experiment will be those with diameters of many km, of which there are several thousand known objects. This is not the regime of discovering potentially hazardous new objects with typical albedos. CMB surveys will be useful for detecting particularly non-reflective objects and for long-term measurements of rotation curves for tumbling objects and comparing with optical measurements to separate the effects of geometry and reflectivity to infer surface properties. By measuring in the mm, the emissivity should not be strongly affected by details of surface chemistry, also providing a valuable point of comparison with measurements from the NEOWISE program (Mainzer et al. 2014) .
OUTLOOK
We have considered how a combination of data from CMB and optical surveys can be used to improve the prospects for detecting and characterizing a Planet X and other possible outer solar system objects. As shown in Figure 4 , both types of surveys have the signal-tonoise for the detection of Neptune-like and Earth-like planets in interesting regimes. There are several scenarios where the combination of wide field data from both survey types proves useful:
1. The distance to Planet X is sufficiently large, or the baseline of CMB observation times sufficiently short, that its parallax motion cannot be detected in the CMB survey. The CMB survey then provides a catalog of thermally emitting point sources that can be followed up by the optical survey. For sources too faint to be detected in individual exposures, we discuss how digital tracking along possible parallax trajectories effectively extends the magnitude limit of the optical survey for Planet X searches.
2. The optical survey detects many objects with parallax, and the CMB survey is used to measure their thermal emission to characterize their properties such as their albedos.
3. For objects such as asteroids, the number of objects with parallax detected in the CMB survey could be so large that targeted follow-up with other instruments is prohibitive.
4. If a small number of high-likelihood Planet X candidates is identified in data from either survey type, follow-up could be performed with dedicated instruments. In addition to supporting the followup, surveys could provide data on the past positions of the candidates and enable a much faster determination of the orbit.
Flow charts summarizing the identification process of Planet X candidates in CMB and optical data are shown in Figures 5 and 6 . A large number of funded and proposed CMB, optical and infrared surveys are planned for the next decade. At this stage, developing detailed plans for Planet X studies is not feasible for projects that are exploring their survey strategy. This study should help provide some guidance in what would aid planetary studies, though the central goals of the surveys are cosmological. In particular, for CMB surveys it is helpful to have a longer (up to a year) baseline for repeated observations of the entire survey footprint. Follow up studies of detection strategies are merited once the cadences of relevant surveys are know. Finally, we note that the orbital and thermal properties of Planet X candidates are poorly known, in particular its internal heat, albedo and cloud properties. Hence the signal-to-noise estimates discussed above, and even the choice of the best instruments, is subject to revision as we learn more about planetary-sized bodies in the outer solar system. 
